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Impairments in inhibitory control and in stimulus-driven attention are hallmarks of drug addiction and are associated with decreased 
activation in the right inferior frontal gyrus (IFG). Although previous studies indicate that the response inhibition function is impaired in 
abstinent heroin dependents, and that this is mediated by reduced IFG activity, it remains completely unknown whether and how an 
acute dose of heroin modulates IFG activity during cognitive control in heroin-dependent patients. This study investigates the acute 
effects of heroin administration on IFG activity during response inhibition and stimulus-driven attention in heroin-dependent patients. 
Using a cross-over, double-blind, placebo-controlled design, saline and heroin were administered to 26 heroin-dependent patients from 
stable heroin-assisted treatment, while performing a Go/No-Go event-related functional magnetic resonance imaging task to assess right 
IFG activity during motor response inhibition, as well as during oddball-driven attention allocation. Relative to saline, heroin significantly 
reduced right IFG activity during both successful response inhibition and oddball-driven attention allocation, whereas it did not change 
right IFG activity during response inhibition after correction for the effect of attention allocation. These heroin-induced effects were not 
related to changes in drug craving, state anxiety, behavioral performance, or co-consumption of psychostimulant drugs. This study 
demonstrates that heroin administration acutely impairs stimulus-driven attention allocation, as indicated by reduced IFG activity in 
response to infrequently presented stimuli, and does not specifically modulate IFG activity during response inhibition. 
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INTRODUCTION 

Drug addiction is recognized as a severe relapsing brain 
disorder (Leshner, 1997), characterized by impaired cogni- 
tive self-control, including compromised ability to exert 
control over drug urges or to inhibit impulsive drug-driven 
behavior (Perry and Carroll, 2008). This cognitive loss of 
inhibitory control in addiction was initially proposed to 
be derived from dopamine-mediated neuronal circuits 
involved in reward learning, conditioning, and habit 
formation (Everitt et al, 2001). However, several functional 
magnetic resonance imaging (fMRI) studies have demon- 
strated the crucial contribution of the prefrontal cortex 
(PFC), especially the right inferior frontal gyrus (IFG), to 
inhibitory control (Egner, 2011). For example, response 
inhibition — as often operationalized by the Go/No-Go 
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task — has been associated with significant activation of 
the right IFG in healthy volunteers (Simmonds et al, 2008), 
while dysfunctional activity in the right IFG during response 
inhibition has repeatedly been reported as a prominent 
hallmark in drug addiction (Goldstein and Volkow, 2011). 

It has been shown that frontal lobe-mediated executive 
functioning, such as impulse control, is impaired in heroin- 
dependent subjects (Pau et al, 2002). The impaired 
inhibitory control in abstinent heroin-addicted individuals 
is accompanied by reduced right IFG activity during the 
Go/No-Go task (Fu et al, 2008). Furthermore, the right IFG 
is activated not only during response inhibition but also 
during stimulus -driven attention allocation (Chikazoe et al, 
2009). It has been shown that heroin abuse is also associated 
with deficits in attentional set-shifting (Ornstein et al, 2000) 
and that opiate-dependent participants actively enrolled in 
a methadone-maintaining program showed reduced selec- 
tive attention (Bracken a/, 2012). A recent study explored 
the cognitive deficits in heroin abusers and showed that the 
decreased ability to shift attention and inhibit inappropriate 
response tendencies, which cumulate with years of con- 
sumption, may be mediated by dysfunctional IFG activity 
(Lundqvist, 2010). In keeping with this, the severity of 
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heroin consumption is negatively correlated with brain 
metabolism in the right IFG (Moreno-Lopez et al, 2012). 

Intravenously injected heroin is rapidly converted to 
6-monoacetylmorphine and morphine. Heroin mainly 
exerts its effects through /i and k opiate receptor agonism; 
the fi opiate receptor subtype is critical for the rewarding 
effects of heroin and morphine, because blockade of /i 
opiate receptors, but not of other receptors, attenuates 
opiate self-administration (De Vries and Shippenberg, 
2002). The PFC has a high density of opiate receptors 
(Wager et al, 2007) and has been implicated in the 
mediation of abnormal goal-directed behavior in drug 
addiction (Koob and Volkow, 2010). Although heroin- 
assisted treatment, including the prescription of pharma- 
ceutical heroin (diacetylmorphine), has consistently been 
found to be an effective treatment for severe heroin 
addiction (Haasen et al, 2007), the acute effects of heroin 
administration during response inhibition and stimulus- 
driven attention allocation in heroin-maintained patients 
remain completely unknown. 

In this study, we have examined whether and how 
heroin administration acutely modulates neural activity 
during response inhibition and stimulus -driven attention 
allocation in heroin-dependent patients, relative to a saline 
injection. Using an event-related Go/No-Go fMRI para- 
digm, which has been shown to be sensitive to pharmaco- 
logical challenges (Borgwardt et al, 2008; Rubia et al, 2005), 
we specifically focused on the right IFG as a region of 
interest. A second reason for the selection of the right IFG 
was that previous fMRI studies in cocaine-dependent 
patients had revealed a direct relationship between right 
IFG activity and behavioral performance during the 
Go/No-Go task after an intravenous dose of cocaine 
(Garavan et al, 2008; Li et al, 2010). Given that heroin 
addiction is associated with impairments in both impulse 
control and selective attention (Bracken et al, 2012; Pau 
et al, 2002), we hypothesized that heroin would acutely 
reduce the right IFG activity during both of these processes. 

MATERIALS AND METHODS 
Patients 

The study was approved by the local ethics committee and 
registered under http://chnicaltrials.gov (ID NCTOl 174927). 
After receiving a written and oral description of the study 
aims, all participants gave their written informed consent 
before inclusion. 

Twenty-six heroin-maintained outpatients (19 male and 
7 female subjects, mean age 41.1 ± 6.8) were recruited from 
the Centre of Substance Use Disorders of the Department of 
Psychiatry in Basel University. The inclusion criteria were 
as follows: age older than 18 years and a past history of 
intravenous heroin use with current heroin-maintained 
treatment for at least 6 months, with an unchanged heroin 
dose during the past 3 months. The exclusion criteria were a 
positive alcohol breathalyzer test, or an additional physical 
disease or psychiatric disorder, including other comorbid 
conditions such as substance dependencies. Clinically 
experienced psychiatrists conducted the Structured Clinical 
Interview for DSM-IV Axis II Disorders (15) to assess the 
diagnosis of comorbid personality disorders. 



When heroin-dependent patients fulfilled the inclusion 
criteria, the history of use of heroin and other illicit 
substances was assessed with a semi-structured interview 
according to the ICD-10 research criteria. Subjects reported 
their years of education (mean = 10.23 ± 2.54 years), 
smoking behavior (cigarettes per day: mean = 21.46 ± 9.19), 
age of first heroin use (mean = 18.88 ± 3.46 years), years of 
dependence (mean = 20.54 ± 6.56 years), and daily heroin 
dose (326+ 130.97 mg). 

Patients were told to abstain from drug consumption 
other than the prescribed heroin administration for the 
duration of the study, as well as to abstain from alcohol 
intake and smoking 72 and 2h before scanning, respec- 
tively. Nevertheless, 8 patients were tested positive for 
cannabis and 12 patients for cocaine at one or both points 
of the measurement. 

Drug Administration 

Saline and heroin were administered through an indwelling 
intravenous catheter over a period of 30 s, using a cross- 
over, double-blind, vehicle-controlled design. Heroin hy- 
drochloride (Swiss Federal Office of Public Health) was 
dissolved on site in 5 ml of sterile water and aspirated into a 
syringe, following the procedure described by Stohler et al 
(1999). Subjects who received their individualized dose of 
heroin before the first scanning session received 5 ml of 
saline before the second session, and vice versa. Further- 
more, on both sessions all subjects received both heroin and 
saline. That is, the subjects who received heroin before 
scanning were administered vehicle after scanning (ie, 
60min after the first injection), whereas the subjects who 
received saline before scanning were administered heroin 
after scanning. 

Psychometric Assessments 

Patients' drug craving ('desire to use heroin') was assessed 
before and 60min after saline/heroin injection, using the 
45-item Heroin Craving Questionnaire (Tiffany, 1999), 
which measures positive and negative aspects of craving 
on five theory-derived nine-item scales. The German 
version of the State-Trait Anxiety Inventory was used to 
quantify state anxiety before and after both treatment 
conditions (Spielberger et al, 1970). 

fMRI Go/No-Go Paradigm 

Thirty minutes after drug administration, all patients 
underwent an event-related Go/No-Go fMRI paradigm that 
was conducted with jittered inter-stimulus intervals (ISIs) 
and incorporated infrequently presented oddball stimuli to 
optimize statistical efficiency. The task is a well-validated 
paradigm, requiring either the execution or the inhibition of 
a motor response, depending on the visual presentation of 
the stimuli (Rubia et al, 2006). The basic Go task is a choice 
reaction time paradigm, in which arrows point either to the 
left or to the right side for 500 ms, with a mean ISI of 
1800 ms (jitter range: 1600-2000 ms). During Go trials, 
subjects were instructed to press a left or right response 
button according to the direction of the arrow. In 11% of 
the trials, arrows pointing upward appeared. During these 
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so-called 'No-Go' trials, participants were required to 
inhibit their motor response. During another 11% of the 
trials, arrows pointing left or right at a 23° angle were 
presented, and subjects were told to respond to these in the 
same way as for Go stimuli (even though they pointed 
obliquely). These 'oddball' stimuli were used to control for 
novelty effects associated with the low frequency and 
different orientation of the No-Go relative to the Go trials 
(stimulus -driven attention allocation). In total, there were 
24 No-Go, 160 Go, and 24 oddball trials, with task duration 
of approximately 6 min. 

fMRI Image Acquisition and Analysis 

Scanning was performed on a 3T scanner (Siemens 
Magnetom Verio; Siemens Healthcare, Erlangen, Germany), 
using an echo planar sequence with 2.5 s repetition time, 
28 ms echo time, a matrix size of 76 x 76, and 38 slices with 
0.5-mm interslice gap, providing a resolution of 3 x 3 x 3 
mm^ and a field of view of 228 x 228cm^. In total, 160 
volumes were acquired. 

Analysis of fMRI data was conducted with SPM8 (http:// 
www.fil.ion.ucl.ac.uk/spm/). All volumes were realigned to 
the first volume, normalized into a standard stereotactic 
space (Montreal Neurological Institute (MNI)), and 
smoothed using a 8-mm full-width at half-maximum 
Gaussian kernel. During model specification, onset times 
for correctly given responses during Go, No-Go, and 
oddball trials were convolved with a canonical hemo- 
dynamic response function. We also modeled time and 
dispersion derivatives, while the motion parameters 
acquired during the realignment procedure were added to 
the individual design matrix as multiple regressors. 

Subject-specific condition effects during response 
inhibition ('No-Go vs Go trials') and oddball-driven 
attention allocation ('oddball vs Go trials') were computed 
using t-contrast, producing a contrast image propagated to 
the second-level analysis. To extract response inhibition 
more precisely, so that oddball-driven attention allocation 
is excluded, a contrast of 'No-Go vs oddball trials' was also 
computed. 

One-sample t-tests for both treatment conditions were 
performed to investigate the effects of response inhibition 
and oddball-driven attention allocation, whereas we used a 
paired t-test to compare heroin and saline treatments. To 
investigate unpredicted regions of activation, we conducted 
a whole-brain analysis. Small volume correction (sphere of 
5 mm radius as recently performed (Hayama et al, 2012)) 
was used for clusters observed in the a priori hypothesized 
region of interest (ie, right IFG) (Worsley et al, 1996). The 
MNI coordinates of x = 50, 7 = 16, and z = 22, as taken from 
the Automated Talairach Atlas (Tzourio-Mazoyer et al, 
2002), served as the anatomical reference point. As some 
patients revealed no activated voxels at these coordinates, 
small volume correction was performed at the nearest 
suprathreshold voxels. The statistical threshold was 
adjusted to provide a family- wise error (FWE) of P<0.05 
at peak and cluster level (based on the spatial extent of 
clusters of voxels at the threshold of P< 0.01), corrected for 
multiple comparisons across the whole brain or the a priori 
hypothesized region of interest. As this study was intended 
to look at acute heroin effects on the right IFG, we 
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additionally employed a second analysis, in which an 
anatomical mask only consisting of the right IFG was 
applied explicitly to the second-level analyses, providing a 
closer look into the region of interest. 

Behavioral Task Performance and Symptom-Rating 
Analyses 

Behavioral task performance was evaluated on the one 
hand by the probability of inhibition and on the other 
hand by the sensitivity index d' and response bias c, using 
the formula = z(Hits) - z(FA) and c= - 0.5^(z(FA) + 
z(Hits)), where FA reflects false alarms. Differences between 
the two treatment conditions were examined using paired 
t- tests. State anxiety and craving ratings were entered 
into two repeated measures analysis of variance (ANOVA) 
with within- subjects factors, treatment (saline vs heroin), 
and condition (pre vs post treatment). 

Results 

Behavioral Task Performance and Symptom Rating 

Repeated measures ANOVA on the state-anxiety scores 
revealed a significant treatment x condition interaction 
(F(l,25) = 42.11; P<0.0001). Bonferroni post-hoc testing 
further showed that state-anxiety scores were significantly 
reduced by heroin (P<0.05), but not saline. Furthermore, 
a treatment X condition interaction (F( 1, 25) = 75.34; 
P< 0.0001) indicated that saline and heroin differentially 
affected patients' drug craving. Post analysis revealed that 
craving ratings significantly increased after the administra- 
tion of saline compared with the pretreatment condition 
(P<0.05), whereas heroin administration significantly 
decreased craving scores (P< 0.0001) (Figure 1). 

No significant differences in the probability of inhibition 
were found between heroin (mean% (SD) = 92.31% (16.77)) 
and saline (mean% (SD) = 91.99% (15.71)) (T=-0.71; 
P = 0.94). Furthermore, no significant differences between 
saline and heroin administration were found with respect to 
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Figure I Patients' drug craving as expressed by the 'desire to use heroin' 
pre- and post-treatment. Note: significant differences between pre- and 
post-treatment at *P<0.05 and **P<O.OOOI. 



Neuropsychopharmacology 



Acute heroin effect on IFG during cognitive control 

A Schmidt et al 



2234 

the sensitivity index d' (T= 0.40; P = 0.69) and the response 
bias c (T= - 1.56; P = 0.13). 

Right IFG Activity During Response Inhibition and 
Oddball-Driven Attention Allocation 

For the 'No- Go vs Go' contrast, no activation survived 
correction for multiple comparisons across the whole brain 
after the administration of saline. Significant activation 
was found in the lingual and superior temporal gyrus after 
heroin exposure. After adjusting for SVC, right IFG 
activation was significant in both treatment conditions. 
For the 'No-Go vs oddball' contrast, significant activation 
was found in the postcentral gyrus and superior frontal 
gyrus in the saline condition, but no significant activation 
was found in the heroin condition after correction for 
multiple comparisons. The right IFG was significant in both 
conditions after adjusting with SVC. For the 'oddball vs Go' 
contrast, no significant activations were found for the two 
conditions across the whole brain after correction for multiple 
comparisons, while the activity in the right IFG was signi- 
ficant after adjusting for SVC correction (Table 1, Figure 2). 
The results of the within-mask analysis are provided in 
the Supplementary information (Supplementary Table SI; 
Supplementary Figure SI). 

Acute Heroin Effect on Right IFG Activity 

No heroin-induced difference in activation survived correc- 
tion for multiple comparisons across the whole brain, 
but after employing SVC, right IFG activity was signifi- 
cantly reduced at the peak and cluster levels (FWE- 
corrected at P<0.05) (Table 2, Figure 3). The results of the 
within-mask analysis are provided in the Supplementary 
information (Supplementary Table S2, Supplementary 
Figure S2). 

A multivariate GLM with heroin-induced changes on 
right IFG activity as dependent variables, cocaine and 
cannabis consumption as fixed factors, and changes in drug 



craving, state anxiety, behavioral performance, and nicotine 
consumption as covariates found no significant relation- 
ships (Supplementary Table S3). 



DISCUSSION 

In the present study, we explored whether and how right 
IFG activity in heroin-dependent patients was modulated 
after acute heroin administration during cognitive control. 
Specifically, we examined whether heroin acutely modu- 
lated right IFG activity during successful response inhibi- 
tion and attention allocation to infrequently presented 
oddball stimuli in long-lasting heroin-maintained depen- 
dents, relative to a saline injection. Two major results were 
found: First, heroin acutely reduced the activity in the right 
IFG during both successful response inhibition ('No-Go vs 
Go' contrast) and oddball-driven attention allocation 
('oddball vs Go' contrast). Second, a more specific index 
of response inhibition ('No-Go vs oddball' contrast) was 
not modulated by heroin. 

In accordance with previous fMRI studies demonstrating 
the crucial role of the right IFG during response inhibition 
and oddball-driven attention allocation (Chikazoe et al, 
2009; Rubia et al, 2006), we found right IFG activation 
following heroin and saline administration during both of 
these cognitive processes. The direct associations between 
the right IFG and inhibitory performance are supported by 
consistent evidence from fMRI lesions (Aron et al, 2004) 
and TMS studies (Jacobson et al, 2011). By further 
comparing the IFG activation after the saline and heroin 
administration, our analysis revealed that heroin acutely 
reduced right IFG activity during both successful response 
inhibition and oddball-driven attention allocation. 
In contrast, no significant differences in the behavioral 
task performances were found between heroin and saline 
administration. However, the current study was specifically 
designed to detect acute drug effects on brain activation, 
rather than on behavioral performance. Significant effect on 



Table I Whole-brain Activation During the Go/No-Go Tasl< After the Administration of Saline and Heroin 



Contrast 


Treatment 


Region 


MNI Coordinates (x, /, and z) 


7-value at voxel level 


Cluster size 


No-Go vs Go 


Saline 


Right IFG 


(52, 14, 34) 


4.03" 


43 




Heroin 


Lingual gyrus 


(14, -56, 2) 


3.96^ 


393 






Superior temporal gyrus 


(46, -50, 14) 


3.33^ 


247 






Right IFG 


(38, 14, 24) 


3.67" 


32 


No-Go vs oddball 


Saline 


Postcentral gyrus 


(30, - 38, 62) 


3.91' 


269 






Superior frontal 


( 1 0, 60, 20) 


4.09' 








Gyrus 


(16, 56, 26) 


3.74' 


293 








(2, 58, 24) 


3.61' 








Right IFG 


(46, 28, 36) 


3.42" 


26 




Heroin 


Right IFG 


(62, 14, 14) 


3.26" 


25 


Oddball vs Go 


Saline 


Right IFG 


(54, 1 6, 34) 


3.54" 


40 




Heroin 


Right IFG 


(34, 14, 26) 


3.35" 


40 



"Survives voxel-level and peak-level correction for multiple comparisons after adjustment for small volume (FWE-corrected at P<0.05). 
'FWE cluster-level corrected for multiple comparisons across the whole brain (P<0.05). 
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Saline Heroin 




Figure 2 Brain activation during the Go/No-Go task for response inhibition ('No-Go vs Go and 'No-Go vs oddball') and oddball-driven 
attention allocation ('oddball vs Go') after saline and heroin administration in heroin-dependent patients. The right IFG activity survived small volume 
correction for multiple comparisons (FWE-corrected at peak and cluster level at P<0.05). Note: (I) 'No-Go vs Go trials', (2) 'No-Go vs oddball trials', and 
(3) 'oddball vs Go trials'. 



Table 2 Significant Differences in Whole-brain Activity Between the Saline and hHeroin Conditions 



Contrast 


Treatment 


Region 


MNI coordinates (x, /, and z) 


7-value at voxel level 


Cluster size 


No-Go vs Go 


Saline > heroin 


Right IFG 


(52, 14, 34) 


323" 


1 1 


Oddball vs Go trials 


Saline > heroin 


Right IFG 


(60, 26, 24) 


328" 


13 


No-Go vs oddball trials 


Saline > heroin 


/ 


/ 


/ 


/ 



Note: We found no significant voxels that were FWE cluster-level corrected across the whole brain at P<0.05. 

"Survives peak and voxel-level correction for multiple comparisons after adjustment for small volume (FWE-corrected at P<0.05). 



"NoGo versus Go trials" "Oddball versus Go trials'* 




Figure 3 Significant differences in right IFG activity (blue crosshairs) between the saline and heroin conditions (saline > heroin) (small volume corrected at 
peak and cluster level, FWE-corrected at P<0.05). Note: we found no significant voxels that were FWE cluster-level corrected for multiple comparisons 
across the whole brain at P<0.05. 



brain activations, but not task performance, is a common 
finding in fMRI studies and has previously been shown in 
other Go/No-Go studies after pharmacological interven- 
tions (Borgwardt et al, 2008; Rubia et al, 2005). This can be 



explained by the fact that functional neuroimaging techni- 
ques detect changes at the physiological level and are more 
sensitive than behavioral measures (Wilkinson and 
Halligan, 2004). Thus, our findings suggest that heroin 
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acutely impairs motor response inhibition and stimulus- 
driven attention allocation in heroin-maintained patients, 
as reflected in the reduced BOLD signal within the right IFG, 
but not in behavioral performance, as the paradigm used 
was underpowered to find behavioral differences. This fits 
with previous results, showing that the behavioral deficits 
during the performance of the Go/No-Go task in heroin- 
addicted individuals are associated with a reduced BOLD 
response in the IFG (Fu et al, 2008) and that the severity of 
heroin consumption was negatively correlated with brain 
metabolism in the right IFG (Moreno-Lopez et al, 2012). 
No significant relationship between the acute heroin effect 
on right IFG activity and craving was found; this was 
consistent with previous evidence demonstrating that 
craving in heroin dependence is more related to activation 
in mesolimbic brain areas (Li et al, 2012). 

However, as the No-Go trials in the conducted paradigm 
can also be understood as oddball trials, ie, as infrequently 
presented stimuli embedded in stream of continuous Go 
trials, it is possible that the No-Go stimulus may also 
recruit cognitive control processes other than response 
inhibition. There is evidence that the IFG is also activated in 
response to unexpected infrequent stimuli, compared with 
expected frequently presented stimuli (Doricchi et al, 2010). 
Such infrequently presented oddball stimuli represent 
novelty- alerting signals that help to interrupt endogenous- 
oriented attention (Corbetta et al, 2008). This is consistent 
with a previous study indicating that the inferior frontal 
junction has no role in response inhibition (Aron and 
Poldrack, 2006), and suggesting that the inferior frontal 
junction is also involved in cognitive processes other than 
response inhibition. This means that the contrast of 'No-Go 
vs Go trials' does not clearly dissociate activation associated 
with response inhibition and oddball-driven attention 
allocation. To extract response inhibition more precisely 
and in such a way that attentional processes can be 
excluded, we calculated a more specific index of response 
inhibition by contrasting 'No-Go vs oddball trials'. 
We found that heroin did not modulate IFG activity relative 
to saline in this more specific response inhibition contrast. 
Thus, our findings indicate that heroin acutely affects the 
IFG during oddball-driven attention allocation rather 
than having a specific effect on response inhibition. This 
corresponds with previous evidence that heroin abuse is 
associated with deficits in attentional set-shifting (Ornstein 
et al, 2000) and that opiate-dependent participants actively 
enrolled in a methadone-maintaining program showed 
reduced selective attention (Bracken et al, 2012). 

In contrast to our findings of reduced right IFG activity 
after acute heroin administration to heroin-dependent 
subjects without any change in behavioral performance, 
intravenous administration of cocaine to cocaine users 
acutely improves inhibitory control, accompanied by 
increased activation in the right dorsolateral PFC and right 
insula, extending into right IFG, during the Go/No-Go task 
(Garavan et al, 2008). Administration of methylphenidate 
consistently improved cognitive control in cocaine-depen- 
dent patients, while this effect positively correlated with 
frontal cortex activation (Li et a/, 2010). Thus, a key finding 
of the present study is that acute heroin administration 
produces very different effects from the stimulant cocaine. 
This discrepancy is further reflected in the comparison with 



healthy subjects during the Go/No-Go task. Although right 
IFG activity in heroin-dependent subjects is significantly 
reduced (Fu et al, 2008), no such difference from healthy 
controls was found in chronic cocaine users (Kaufman et al, 
2003). These findings are reminiscent of a recent review 
reporting distinct behavioral and neurobiological differ- 
ences between opiate and psychostimulant addiction during 
prefrontal-dependent cognitive functioning, in particular 
those functions related to impulsivity (Badiani et al, 2011). 
At the psychological level, heroin and cocaine differ in 
terms of factors that induce craving and in terms of their 
use in daily life, while environmental factors also interact 
with the drug effects (Badiani et al, 2011). In particular, 
heroin consumption is preferred in the home environment, 
but cocaine outside the home (Caprioli et al, 2009). 

Our functional results on the right IFG activity are in 
line with volumetric abnormalities of this brain region. 
In healthy subjects, performance levels on inhibitory 
control tasks were correlated with gray matter in the IFG 
(Tabibnia et al, 2011). Compared with healthy subjects, the 
deficient behavioral performance in methamphetamine- 
dependent subjects was related to lower gray matter volume 
in the IFG, suggesting that cognitive control involves a 
common substrate in the IFG and that successful cognitive 
performance depends on the integrity of this substrate 
(Tabibnia et al, 2011). It has been shown that heroin- 
dependent subjects also had reduced GMV in the right 
PFC (Liu et al, 2009). Remarkably, in long-term heroin- 
dependent individuals, the duration of heroin use correlated 
negatively with the density of GM in the right IFG (Yuan 
et al, 2010; Yuan et al, 2009) and positively with reductions 
in right frontal white matter (Bora et al, 2012), suggesting 
that the duration of heroin use is a critical factor leading to 
frontal brain damage. Relative to cocaine-induced changes 
on GMV, the structural alterations in the PFC are less 
pronounced in heroin addicts (Verdejo-Garcia et al, 2007), 
further indicating that the effects of heroin and cocaine 
consumption are distinct. Furthermore, significant reduc- 
tions in GMV of the right IFG have also been reported in 
heroin-dependent individuals on methadone-maintenance 
treatment (Lin et al, 2012; Lyoo et al, 2006). Based on these 
findings, we may speculate that our fMRI findings are partly 
mediated by structural alterations in the IFG as a result 
of long-term heroin use. 

With respect to the underlying neuropharmacological 
mechanisms, drug addiction is associated with neuroplastic 
alterations, mainly in the dopaminergic system, but with 
interactive effects on the glutamatergic neurotransmission. 
As recently proposed (Koob and Volkow, 2010), the 
transition to addiction involves adaptations in a broad 
neuronal circuitry, which may begin with changes in the 
mesolimbic dopamine system, with a subsequent cascade 
into the prefrontal brain regions, such as the IFG or 
cingulate gyrus, leading to aberrant prefrontal-striatal 
connections. This circuitry has a high density of /i opiate 
receptors (Wager et al, 2007), which are crucial in 
mediating the effects of intravenous opiate self-administra- 
tion, but have only a minor part in psychostimulant 
self-administration. Despite fundamental differences at the 
neuropharmacological level, but in line with cocaine- 
dependent subjects, heroin dependence is also associated 
with low D2 receptor binding and low presynaptic 
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dopamine in the striatum. But in contrast to cocaine 
addiction, these parameters of striatal dopamine transmis- 
sion were not correlated with the choice to self-administer 
the drug, further reflecting distinct differences between 
heroin and cocaine dependence (Martinez et al, 2012). 
Furthermore, repeated heroin use induces adaptations in 
glutamatergic neurotransmission (Noda and Nabeshima, 
2004), and a recent study in opiate-dependent patients 
during opiate-maintenance therapy indicated destabiliza- 
tion of the glutamate system (Hermann et al, 2012). 
Although the neuropharmacological mechanisms of acute 
heroin administration in heroin-maintained patients are not 
well understood, we may speculate that the heroin-induced 
alteration of right IFG activity is associated with alterations 
in the glutamatergic and dopaminergic systems. 

This study focused on right IFG activity and did not take 
into account functionally related cortical and subcortical 
brain regions. However, the neuronal network engaged in 
response inhibition and stimulus -driven attention is 
complex and, apart from the IFG, comprises several other 
regions, such as the anterior cingulate cortex, orbitofrontal 
cortices, superior parietal cortex, insula, thalamus, and 
cerebellum. For example, recent evidence showed functional 
connectivity during response inhibition between the right 
IFG and other brain regions in the frontal, striatal, and 
parietal cortices (Duann et al, 2009), while the processing of 
oddball stimuli not only activated the right PFC but also the 
tempo-parietal junction (Rubia et al, 2010). Thus, our right 
IFG findings might derive from abnormalities in functional 
connectivity to other brain regions implicated in cognitive 
control. Such analysis might also help to bring more 
insights into the neuronal differences between heroin and 
psychostimulant addiction. We intend to address this 
problem in future studies by using model-based techniques 
of effective connectivity. Furthermore, changes in right IFG 
activity did not survive correction for multiple comparisons 
across the whole brain when the two treatment conditions 
were treated separately. This can partly be explained by the 
fact that our population consisted of patients showing 
significantly reduced activity in the right IFG during the 
Go/No-Go task compared with healthy subjects (Fu et al, 
2008; Lee et al, 2005). Although we could increase the 
degree of freedom by pooling the two treatment conditions 
to obtain more robust activations, we specifically aimed to 
explore how heroin acutely modulates right IFG activity in a 
task that has repeatedly been shown to induce robust IFG 
activity (Borgwardt et al, 2008; Rubia et al, 2006). Finally, 
anatomically different parts within the IFG may differen- 
tially contribute to response inhibition and stimulus-driven 
attention (Chikazoe et al, 2009). This should be addressed 
in future studies. 

In conclusion, to the best of our knowledge, this is the first 
fMRI study examining the neuronal effects of acute heroin 
administration on response inhibition and oddball-driven 
attention allocation in heroin-dependent patients actively 
enrolled in a long-lasting heroin-maintenance therapy. This 
study demonstrates that heroin administration acutely 
impairs stimulus -driven attention allocation, as indicated 
by the reduced IFG activity in response to infrequently 
presented stimuli, and does not specifically modulate IFG 
activity during response inhibition. Finally, our findings 
further underpin the dissociable behavioral and neuronal 
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effects of chronic heroin and cocaine use on IFG-dependent 
cognitive control, reflecting the importance of studying 
drug addiction by comparing several classes of addictive 
drugs. 
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